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I. INTRODUCTION

Plasma sheet electrons are precipitated into the atmosphere on auroral
field lines creating the diffuse aurora. The strong pitch angle diffusion is
believed to be caused by electrostatic electron cyclotron waves [Kennel et
al., 1970 and Lyons, 1974]. The theory has been reviewed by Kennel and
Ashour-Abdalla [1982].

There have been few simultaneous observations of wave spectra and elec-
tron distribution functions within the plasma sheet. Kurth et al. [1980]
report a positive-sloped feature in the electron velocity distributions at a
pitch angle a = 90° during an intense electrostatic wave event detected by
ISEE 1. The feature did not appear in distributions taken before or after the
waves were observed. Ronnmark et al. [1978] studied an event observed by
GEOS-1 when (n + 1/2) f; and upper hybrid emissions were observed in the

presence of a hot loss-cone component of the electron distribution.

Kurth et al. [1979] report intense electrostatic waves, near the plasma-
pause and close to the upper-hybrid resonance frequency. Three sources of
free energy were found: (1) a small temperature anisotropy, (2) a loss-cone
distribution in the hot electron population and (3) in one case a small hump
in the tail of the distribution function in vy They distinguish these
intense (n + 1/2)f; emissions near fUHR from the (n + 1/2)f; type waves

considered in this paper.

Electron distribution functions observed by the SCATHA satellite when
intense electrostatic waves are present between the lower harmonics of the
electron cyclotron frequency rarely have the positive-sloped feature reported
by Kurth et al. [1980] and usually have a much smaller loss-cone feature than

the one reported by Ronnmark et al. [1978].

Electrostatic waves are often absent in the plasma sheet in the dusk to

midnight region before a substorm. This is an important point that apparently

has not been reported.
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Our objective in this report is to clarify the temporal changes of the
particles and waves in the plasma sheet. For this purpose we examine electron
dynamics and plasma wave phenomena in the plasma sheet before, during, and
after four typical injections, We define an injection to be the abrupt trans-
port inward of plasma sheet electrons during the energy release phase of a
magnetospheric substorm. We have chosen four examples in which the SCATHA
satellite crosses a quasi-static, plasma-sheet boundary well before the plasma
injection occurs. The location of this plasma-sheet boundary depends primari-
ly upon the intensity of the electric field across the magnetosphere in an
equilibrium convection model [Kivelson et al., 1980]}. These examples allow us
to study the particle and wave distribution functions under the following
circumstances: first, in the outer magnetosphere just after entry into the
plasma sheet; second, in the plasma sheet well after entry but before an
injection; third, in the plasma sheet just before an injection and finally in

the plasma sheet following an injection.

For this study we have the following simultaneous particle, wave, and
magnetic field data available: 1) particle distribution functions from the
Aerospace electrostatic analyzers covering the energy range from 20 eV to 20
keV ; 2) particle spectrograms from the UCSD electrostatic analyzers covering
the energy range from ~l eV to 81 keV [Olsen, 1981; Mauk and McIlwain, 1975];
3) spectrograms of the Aerospace broadband VLF data covering the frequency
range from 100 Hz to 5 kHz [Koons, 1981]; 4) narrowband VLF data covering the
frequency range form 400 Hz to 300 kHz; and 5) magnetic field data from the

GSFC three-axis magnetometer., The instruments are described by Fennell

[1982].

Electron spectrograms of the four cases chosen for the study are shown at

the bottom of Figs. 1-4. Universal times for each case are listed in Table 1.

On April 18, 1979 (Fig. 1 - Case A) the quasi-static, plasma-sheet boun-
dary was first encountered at the lowest energy at about 0740 UT. The satel-
lite penetrated into the plasma sheet crossing the Alfven boundaries of suc-

cessively higher energy electrons until a plasma injection occurred near 0905

uT.
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:;j Fig. 1. SCATHA wave and particle data showing the entry into the plasma sheet
e and the plasma injection on April 18, 1979. The top eight panels are
e electric field amplitudes in 15 percent bandwidth frequency channels
nﬁ{ centered at 0.4, 1.3, 2.3, 3.0, 10, 30, 100, and 300 kHz. The lower
7‘* panel is a gray scale spectrogram showing electron energy fluxes from
i one of the UCSD particle detectors on SCATHA as a function of energy
XN (vertical axis) and Universal Time (horizontal axis). An increase in
o7 E lightness corresponds to an increase in electron energy flux.

g Between the panels the letter N locates local noon and M local mid-
:-&? night at the satellite.
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Table 1. Universal times for the examples

presented in this paper.

Plasma Sheet Plasma Invariant Local

>y Case Date, 1979 Entry, UT Injections, UT Latitude, deg Time, hr

A 18 April 07:40 09:05 - 67.7 23.4

1 May 01:40 03:50 67.9 22.6

v‘vf:f"‘.”
[z sy
-]

1 May 04:25 68.2 23.2

et el ann
)
-}

c 20 May 18:30 21:45 68.9 23.3
s D 20 May 16:15 17:00 66.2 18.7

r D 22 May 18:45 67.7 20.9
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{;ﬁ On May 1, 1979 (Fig. 2 - Case B) the low-energy plasma-sheet boundary was
:fu encountered at approximately 0140 UT. The satellite penetrated into the
'fw: plasma sheet detecting two plasma injections at 0350 and 0425 UT.
‘:it On May 20, 1979 (Fig. 3 - Case C) the low-energy, plasma-sheet boundary
;f;; was crossed at 1830 UT. The plasma injection was detected at 2145 UT. This
e injection is not as prominent on the spectrogram as the others because the
gij satellite had already crossed the Alfven boundaries of electrons with energies
%gg up to 10 keV.
;Eit In the final case (Fig. 4 - Case D), on May 22, 1979, the satellite

crossed into the plasma sheet at about 1615 UT. Two injections were detected,

:;5 the first near 1700 UT and the second at 1845 UT.

f;§ The orbit segments for these four cases are shown in Fig. 5. The spatial
%,, position of the satellite at each injection is indicated by the dots. The
=5 invariant latitude énd local time is given in Table 1. A comparison of these
£'£ locations with the auroral oval which is also shown schematically in Fig. 5
:}: shows that all of these injections probably occurred on field lines associlated
ti? with the diffuse aurora.

et The geomagnetic field data for the four cases are shown in Fig. 6. The
}Q? magnitude of the total field is plotted together with a model field. The

{lg model field combines an Olson-Pfitzer [1974) model for current sources exter-
v nal to the earth with a Barraclough [Barraclough et al., 1975] model for the
A field of internal origin. The magnetic field was moderately disturbed during
ng each of the four time periods. 1In all four cases there was an abrupt change
E;g in the magnitude and geometry of the geomagnetic field at the satellite at the
= time of each plasma injection. The geomagnetic field was more tail like prior
T to the injection and became more dipolar during and after the injection.

'iﬁ% There were also increases in AE at the injection times [World Data Center,
;?&i 1982] . Examination of the satellite motion shows that satellite latitudinal
{.*' motion was $ 1° during a one hour interval about the injection. The radial

Y motion was also small (0.2 to 0.3 Re). We conclude from these magnetic field
ﬁgg signatures and the constancy of the satellite latitude that the four cases
%Fi

V¢

-

“7 14

e

.

:l ‘

G N G R T T e T O L O A T T IR TR SR LA R G RN R AR TR




S
Y
Pot
K s
233
oo A) 18 APRIL
5!
oe — ENTRY Bl 1 MAY
W - INJECTION C) 20 MAY
3%:, | D) 22 MAY
488 NOON
AN T
yy:
3R
-a
?v,f
DUSK DAWN
e l AT 0 1 1 1 ! !
;_;{ ' ¥ I 1 T T 1 H
o 8 6 2 4 6 Re
; e 2
!
LY
.}.\,) - 4
F
’.t) / 4+ 6
L NOMINAL
u DIFFUSE
: ¥ AURORA L
' L]
L REGION
BN
DX 10
+5
Y MIDNIGHT
5%
AN
: Fig. 5. Location of the SCATHA satellite in a radius vs. local time coordi-
ol nate frame at the times of plasma-sheet entries and plasma injections
‘.‘.' described in this paper. The stippled area shows the position of the
. diffuse auroral region [from Akasofu and Kan, 1980].

Y,

l

-
-
)

. X 3
.}',f.‘

15

Ayt LAy

-
L3

A
L3

25

v

2l

’
-

Ly’ "i-‘ .

.:- IR SR R T L AP By R P PSP JAP S ) '.-_ PP PN -
L AN IR R A T T Tl e T Y DRI Y X B N T R I R ..._.’ -
DN M‘H’- X e o gl

S




hhar Bl Sha Gce Ale iie a- aya ain fae dde pes L 2 B - bt ek e fn st oibul St e hav et lai s St gid Sanhdigytotyns i ah e il Vi ST

SCATHA GSFC MAGNETOMETER
T T I T T
200 — A 18 APRIL —
150 .
100 |- — , -
50 | : '
0
200
g 150
E
S 10
% 50
= 0 | 1 | A —
z 1 ? 3 4 5 6
2 T l I T I
=00 — OBSERVED. C. 20 MAY —
S 1m0 — OLSON-PFITZER _|
s [~/ / MODEL
= 100 IR N NS J. W'\:\ - —— ]
50 | MM,.A,&'CR«@;;;;@;M—
0 - —
1 | | ! 1
18 19 20 2N 2 R 2
i T T T T
MW= D. 22 MAY —
150% -
00— A~ ~ ]
50— :
0 ! ! Lt |
15 16 17 18 N 21

UNIVERSAL TIME, hr

Fig. 6. The magnetic field intensity time profiles for the four cases
studied. The smooth solid line is the predicted value using the
Olson-Pfitzer field model with tilt [Olson and Pfitzer, 1974].
The thin line represents the observed field values from the GSFC
magnetometer.

ﬁs 16
o

............
.............

. a = L T T
- Tt e e e e T LI AR e e A ..
. -'.‘-._, - » . . U Ry - . ‘\-}
. . L .
L . > - ” e

L ala

LA NG ON \ AN ML ._,—_‘-_4.‘-.___‘1
S R S R g e s e



correspond to plasma injections accompanied by rapid changes in the
geomagnetic field configuration [Kivelson, 1980], rather than the satellite

crossing an established boundary within the plasma sheet.

In Case A the magnitude of the magnetic field change is much smaller than
in the other three examples. Examination of the individual components showed
that the largest short term (<2 min) variation occurred in the horizontal
component of the magnetic field. This confirms that a reconfiguration of the
field occurred during the substorm. Following the initial injection, the
satellite crossed the magnetic equator as seen in the radial component, which
changed from radially outward (positive sign) to radially inward (negative
sign).

The first encounter with the plasma in Case B at 0350 UT is similar to
the encounter in Case A. The second encounter in Case B at 0420 UT and the
encounters in Cases C and D were each accompanied by obvious step changes in
the magnitude of the magnetic field. Below we show that each of the cases

displayed similar particle and wave behavior.
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1I. NARROWBAND VLF DATA

Data from the narrowband VLF receiver for each of the four cases are also

shown in Figures 1-4. Only data from the electric antenna are shown.

The first important point to note is the general absence of emissions
below 10 kHz between the time the low-energy plasma-sheet boundary is first
crossed until the plasma injection occurs. The only exceptions are the pre-
sence of weak electrostatic electron cyclotron harmonic emissions evident in
the broadband data from Cases A and B and an electromagnetic signal between
0200-0300 UT at 1.3 kHz in Fig. 2. The 1.3 kHz frequency is just below one-
half of the local electron cyclotron frequency at that time. Although
broadband data are not available for the 0200-0300 UT period of Fig. 2 to
assist in the identification, the emissions are most likely discrete emissions
propagating in the whistler-mode. Although hiss is more likely to occur at
that local time, the emission is not as constant in amplitude as typical hiss

emissions.

Since the other cases show virtually no emissions prior to the plasma
injection we conclude that the inner region of the plasma sheet is essentially
quiescent. The frequency range up to 10 kHz includes both whistler-mode
emissions and electrostatic cyclotron emissions in pass bands between electron
cyclotron frequency harmonics. Neither are generally observed within this

inner region of the plasma sheet prior to a substorm.

Signals above and below the electron cyclotron frequency start abruptly
at the time of each plasma injection. In the data from the narrowband
channels, the signature for each case is essentially the same. At the time
the injected plasma encounters the satellite there is an abrupt increase in
wave intensity in all channels from 400 Hz to 10 kHz. 1In most cases the waves

at 10 kHz are weak.

The wave modes for each of the four cases can be identified using the
broadband VLF spectrograms shown in Fig. 7. The identification uses the

electron cyclotron frequency to distinguish whistler-mode waves below f; from
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’xx: electrostatic emissions above f;. The identification is based on a comparison

ﬁ?? of these spectrograms with over 1000 hours of others from the SCATHA

h.“ : satellite. Three types of signals appear on these spectrograms. The vertical

f‘ | lines in the electric antenna data in cases A and B are pulses due to elec-

?h: ’ trical discharges. Surface materials on the vehicle were being charged to

il different potentials by the injected energetic electrons (P. Mizera, private
' communication, 1982). Electrical discharges between different surfaces

#ﬁ: produced the pulses in the VLF data. In cases A, B and C narrowband emissions

}“&{ appear just above f;. These emissions are electrostatic electron cyclotron

lﬁ: waves, Harmonics of the fundamental emission frequency can be seen in the

e, spectrograms for cases A and C. In case D the upper frequency of the receiver

\;%2 passband (4 kHz at that time) was near the electron cyclotron frequency. The

|5§ electrostatic cyclotron emissions would then be above the passband of the

%:&’ broadband receiver. The narrowband data, which shows weak emissions in the

it 10~kHz channel, indicates that the electrostatic cyclotron waves were

gisi present. Thus these waves occurred during each plasma injection.

i §3 Strong whistler-mode emissiops below the electron cyclotron frequency

it appear in the broadband data in cases A, B and D. The whistler-mode waves

G bear little resemblance to discrete emissions such as chorus or incoherent

;ixz emissions such as hiss. Chorus emissions are detected several hours after the

‘W substorm injections (Isenberg et al,, 1982). On April 18 (Fig. 1) chorus

> occurs at 1.3 kHz from 1700 to 2200 UT (5.6 to 9.8 hr Local Time). On May 1

f“:l (Fig. 2), stronger chorus emissions are detected at 1.3 and 2.3 kHz from 1900

é}?ﬁ to 2100 UT (11.3 to 14.1 hr Local Time). On May 20 and 22 the substorms

%'3t occurred at the end of the day and chorus was detected during the local

Tl morning hours on the following day. The low-frequency, narrowband signals

';e; near the baseband in case B are due to the electrical discharges. 1In case C

{;ﬁ; the low-frequency signals cannot be identified. In that case the broadband

51{2 data terminated shortly after the plasma injection. Up to the time the case C
AN data terminated neither discharges nor whistler-mode emissions were

;f?; detected. An instrument monitoring surface potentials measured differential

ffjf potentials up to 1 kV between a Kapton sample and the space vehicle frame.
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This potential is usually sufficient to produce the low-intensity discharges
detected by the VLF receiver.

In summary then there were essentially no emissions present within the
plasma sheet prior to a plasma injection. Following the injection there were
in all cases electrostatic electron cyclotron waves. 1In three of the four
cases there were narrowband structured whistler-mode emissions. In two cases

there were also electrical discharges detected by the VLF receiver.
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‘1; I11. ELECTRON DISTRIBUTION FUNCTIONS

[r -,

U:“

Voo B

Wl The electron distribution functions, f(v), for sample time periods during
?2 each of the four cases are shown in Figures 8-11. For each case four distri-
Wy

Ay

J bution functions are shown as contours of constant phase space density in

velocity space. The first, (a), shows the distribution function as the satel-

;Sﬁ lite enters the inner edge of the plasma sheet, The second, (b), was 15 to 60
' xi minutes later after the satellite had penetrated a significant distance into
g&- the plasma sheet. The third, (c¢), shows the distribution function just prior
to the plasma injection. The fourth, (d), distribution function in each set
{{é was obtained shortly after the injection and represents an equilibrium state
;&? for the plasma after the injection. Rapid variations in the direction of the
Eﬁf magnetic field during the injection usually make it impractical to obtain the

full one-minute of data required to obtain a complete quasistatic distribution

e function. Note that in nearly all cases the plasma analyzer's field of view
'%? did not include the magnetic field line direction. The gaps in the f(v)

LYy

$*$ contours near the vy axis in Figs. 8~11 indicate the closest approach of the
" -"

field-of ~view axis to the field line direction.

f:\: The electron distribution function, prior to entry into the plasma sheet,
;;1; is a nearly isotropic soft (cold) spectrum. As the satellite penetrates into
f% . the plasma sheet the low energy electron (E, > 80 eV) fluxes gradually in-
o crease. This low energy population is also soft but intense (ref. Figs. B8a-
"2: 11a) as evidenced by the high density of iso-f(v) contours near v <2 x 104
$§5 km/sec. This is also borne out by the sample energy spectra for cases A and B
:cgé in Fig. 12a (upper and lower panels, respectively). At this point, the elec-
., tron spectra are anisotropic with Jl > Jlat all energies. As the satellite
,:{ penetrates further into the plasma sheet the spectrum, Fig. 12b (upper and
?‘i{ lower) hardens and the intensity increases. This is especially apparent for

S

":ﬂ particle pitch angles near 90°. 1In velocity space the dense central f(v)

contours spread out toward higher velocities (Ref, Figs. 8b-11b). At interme-
Ll
r:ﬁ_ diate energies Jl continues to increase over JI.
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Prior to the injection, in a limited energy range associated with a steep
negative gradient in f(v), a pronounced minimum is often observed in the dis-
tribution function near a, = 90°. This feature is evident in Figs. 8 and 9
near v, ~ 3 x 104-km/sec and ~ 4 x 104 km/sec respectively, It is also shown
in Fig. 12c (upper and lower) by the fact that Jll > Jl over a narrow range of

energies near 6-10 keV.

Figure 13 shows the individual angular distributions taken on 1 May 1979
near 0325 UT. These data are comparable to those of Fig. 9c¢ and Fig. 12c
(lower panel). The deep minima in the distributions near a ~ 90° for elec-
trons of 4.5 to 10.9 keV energy is obvious. The satellite is near 3.5 deg
magnetic latitude (from model field discussed above). For 5.9 keV electrons
the minimum at a ~ 90° is ~ 20% of the peak value near o ~ 45°. This minimum
would disappear for magnetic latitudes near 15 deg (based on a dipole magnetic
field model) and would have an intensity ~ 50% of the equatorial value near a
latitude 7.5 deg. Thus this "butterfly" distribution exists only near the
magnetic equator. This feature is most likely caused by the normal convection
process in the plasma sheet. Particles of a given energy with small pitch
angles are expected to penetrate slightly closer to the earth than particles
with pitch angles near 90° [Cowley and Ashour-Abdalla, 1975, 1976; Ejiri,
1978)}. The corresponding energy spectra in Fig. 12c¢ (lcwer panel) show a
crossover of J and J' along the steep gradient in J with energy, representing

1
the high-energy boundary of the plasma sheet.

This "butterfly” or "anti-loss-cone,” as it is also called (Kennel and
Ashour-Abdalla, 1982), angular distribution feature is a relatively common one
in the SCATHA plasma sheet data. Strong electrostatic waves are often seen at
the same time this feature is observed in the electron distribution. 1In these
two cases very weak electrostatic electron cyclotron emissions were present
prior to the injection. These waves are apparent in the broadband data but

their amplitude is near the threshold of the narrowband receiver.
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IV. SUMMARY

The present set of observations can be summarized as follows.

1) Before a substorm, plasma sheet electron distributions are usually
stable with little evidence of electrostatic electron cyclotron
harmonic emissions (n + 1/2 type waves) fc.

2) Strong (n + 1/2) f_ type waves are observed at the substorm injec-
tion time and for a period following injection.

3) When preinjection (n + 1/2) £ waves are observed they are often
accompanied by “"butterfly” or®"anti-loss-cone” distributions in the
keV energy electrons at the steep gradient in f(v). The gradient is
probably convection related.

4) Other types of wave noise such as whistler-mode waves and pulses due
to discharges on the vehicle are also observed in conjunction with
the plasma injection,

The particle distribution functions observed during these injections do

not have the sources of free energy found by Kurth [1980] and Ronnmark
[1978], nor are they similar to the distribution functions which have been
used for theoretical studies [Kennel and Ashour-Abdalla, 1982]).

The source of free energy may be the anti-loss~cone feature which results
from the pitch-angle dependent convection in the plasma sheet. The stability
of an anti-loss-cone distribution function has been examined by Nambu and
Watanabe [1975). They did obtain instability slightly above the electron
cyclotron frequency, however they assumed a temperature anisotropy of 10 which
is not representative of the plasma sheet particle distributions measured by
instrument aboard the SCATHA satellite. It is beyond the scope of this paper
to analyze the measured particle distribution functions for instability to

electron cyclotron harmonic waves.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military space systems. Versatility
and flexibility have been developed to a high degree by the laboratory person-
nel in dealing with the many problems encountered in the nation's rapidly
developing space systems, Expertise in the latest scientific developments is
vital to the accomplishment of tasks related to these problems., The labora-
tories that contribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development

including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion tr port in roch plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materfals, lubrication and surface phenomena,
theramionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry,

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence and
microelectronics applications,

Electronics Research Laboratory: Microelectronics, GaAs low noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro~-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research.

Materials Sciences Laboratory: Development of new materials: metal
matrix composites, polymers, and new forms of carbon; nondestructive evalua-
tion, component failure analysis and reliability; fracture mechanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, suroral and cosmic ray phys-
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
ionospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and

nuclear explosions on the earth's atmosphere, 1 phere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation,
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